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We report magnetic measurements up to 1200 K on three different multi-walled carbon nanotube 
mat samples using Quantum Design vibrating sample magnetometers. Three different samples pre- 
pared from arc discharge or chemical vapor deposition contain magnetic impurities ranging from 
about 100 ppm to about 1.5%. Our precise magnetic data clearly show two superconducting tran- 
sitions, one at temperatures between 533 K and 700 K, and another at about 1200 K. The first 
transition temperature T c j, which coincides with the transition temperature seen in the resistance 
data, depends very strongly on the magnetic field, as expected from the onset of intergrain Josephson 
coupling in granular superconductors. The strong field dependence of T c j also excludes magnetic 
contaminants as the origin of the first transition. We also present direct and inferred diamagnetic 
Meissner fractions of 2 and 14%, respectively. The present results provide compelling evidence for 
superconductivity well above room temperature in multi-walled carbon nanotubes. 



I. INTRODUCTION 

It is generally believed that the superconducting tran- 
sition temperature T c cannot be higher than 30 K within 
the conventional phonon-mediated mechanism. Alexan- 
drov and Mott have demonstrated that the Bose-Einstein 
condensation of bipolarons can explain high-temperature 
superconductivity in cuprates [1] . Ginzburg [2] and Little 
[3] have proposed that high-temperature superconductiv- 
ity could be realized by exchanging high-energy electronic 
excitations such as excitons and plasmons. Lee and Men- 
doza have shown that superconductivity as high as 500 K 
can be reached through a pairing interaction mediated 
by undamped acoustic plasmon modes in a quasi-one- 
dimensional (ID) electronic system [4]. Moreover, high- 
temperature superconductivity can occur in a multi-layer 
electronic system due to an attraction of charge carri- 
ers in the same conducting layer via exchange of virtual 
plasmons in neighboring layers [5]. If these plasmon- 
mediated pairing mechanisms are relevant, one should 
be able to find high-temperature superconductivity in 
quasi-one-dimensional and/or multi-layer systems such 
as cuprates, carbon nanotubes (CNTs), and graphites. 

Carbon nanotubes constitute a novel class of quasi- 
one-dimensional materials which offer the potential 
for high-temperature superconductivity. The simplest 
single-walled nanotube (SWNT) consists of a single 
graphite sheet which is curved into a long cylinder, with 
a diameter which can be smaller than 1 nm. Band- 
structure calculations predict that carbon nanotubes 
have two types of electronic structures depending on the 
chirality [6,7], which is indexed by a chiral vector (n, m): 
n — m = 31 + v, where /, n, m are the integers, and v = 
0, ±1. The tubes with v = are metallic while the tubes 
with v = ±1 are semiconducting. For metallic chiral- 
ity SWNTs, there are two and six transverse conduction 
channels when the Fermi level is crossing the first and 
second subbands, respectively. Multiwalled nanotubes 
(MWNTs) consist of at least two concentric shells which 



can have different chiralities. The outer diameters of our 
arc discharge prepared MWNTs are centered at around 
10-15 nm. MWNTs possess both quasi-one-dimensional 
and multi-layer electronic structures. This unique quasi- 
one-dimensional electronic structure in both SWNTs and 
MWNTs make them ideal for plasmon-mediated high- 
temperature superconductivity. 

In order to confirm the existence of superconductivity, 
it is essential to provide two important signatures: the 
Meissner effect and the resistive transition. In 2001 Zhao 
et al. [8] provided magnetic and electrical evidence for 
possible superconductivity above room temperature in 
MWNT mat samples. The resistivity data show a pos- 
sible superconductive transition at about 700 K. Since 
then, Zhao [9,10] has analyzed previously published mag- 
netic, electrical, and optical data for both single-walled 
and multi- walled carbon nanotubes, and provided over 
twenty arguments for the existence of hot superconduc- 
tivity. In 2003, Kopelevich and coworkers [11] gave mag- 
netic evidence for local superconductivity up to 270 K in 
graphite-sulfur composites. The observations of hot su- 
perconductivity in carbon nanotubes and graphite-sulfur 
composites suggest a common microscopic origin of su- 
perconductivity. 

In this article, we report magnetic measurements up 
to 1200 K on three different multi-walled carbon nan- 
otube mat samples using sensitive vibrating sample mag- 
netometers (VSMs) from Quantum Design. The ultra 
low-field option of the VSM system allows us to do the 
magnetization measurements in a field as low as 0.03 Oc. 
One sample is prepared from arc discharge (denoted as 
AD) and contains about 100 ppm magnetic impurities. 
The second sample is prepared from chemical vapor de- 
position (denoted as CVD1) and contains about 1.5% 
Fe304. The third sample is also prepared from chemical 
vapor deposition (denoted as CVD2) and has about 0.3% 
impurities. Our extensive magnetic data consistently 
show two superconducting transitions, one at about 700 
K, 533 K, and 700 K for sample AD, sample CVD1 and 
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sample CVD2, respectively, and another at about 1200 
K. The first transition temperature T c j, which coincides 
with the transition temperature seen in the previous re- 
sistance data [8], depends very strongly on the magnetic 
field in the low field range, as expected from the onset of 
intergrain Josephson coupling in granular superconduc- 
tors. The strong field dependence of T c j also excludes 
magnetic contaminants as the origin of the first transi- 
tion. We also present direct and inferred diamagnetic 
Meissner fractions of 2 and 14%, respectively. Such a 
large field-cooled diamagnetic susceptibility is only con- 
sistent with superconductivity. The superconducting re- 
manent magnetization, which can be distinguished from 
the remanent contribution of magnetic impurities, exists 
up to 700 K, indicating a zero-resistance state well above 
room-temperature in some parts of the mat samples. The 
present results provide compelling evidence for supercon- 
ductivity well above room temperature in multi-walled 
carbon nanotubes. 

II. EXPERIMENT 

A. Sample characterization 

Three different multi-walled carbon nanotube mat 
samples are obtained from SES Research of Houston. 
Sample AD is prepared from an arc discharge process 
with no metal catalysts. The multi-walled nanotubes 
consist of 5-20 graphite layers with diameters between 
2 and 20 nm and lengths between 100 nm and 2 /im. 
The tubes are naturally assembled into bundles, and the 
bundles into mats where bundles are entangled with each 
other. Sample AD comes from the same lot as those stud- 
ied in Ref . [8] . This sample contains a total of about 100 
ppm magnetic impurities, as determined from the mag- 
netic measurement (see below). The mass of sample AD 
is 41 mg for most magnetic measurements. Sample CVD1 
is prepared from chemical vapor deposition and contains 
about 1.5% Fe3C>4. The mass of sample CVD1 is 5 mg. 
Sample CVD2 is also prepared from chemical vapor de- 
position and contains a total of about 0.3% impurities. 
The mass of sample CVD2 is 11 mg. 

B. Measurement 

Magnetization was measured by two Quantum De- 
sign vibrating sample magnetometers (VSMs). Exten- 
sive magnetic measurements by both us and the staff of 
Quantum Design (up to 1100 K) on a control sample of 
Er 2 C>3 show that the absolute accuracy of the moment is 
better than 1.0 x 10~ 7 emu at low fields after correct- 
ing for a constant offset of 5.0 x 10~ 7 emu due to the 
interaction between the VSM drive head and the pick-up 
coils (see below). Fields between 0.03 Oe and 15 Oe are 



obtained by using the ultra low-field option. The magni- 
tude and direction of the field profile were measured by 
a flux-gate device. The oven option is rated for tempera- 
tures up to 1100 K, but we successfully pushed the tem- 
perature up to 1200 K in three runs. In the fourth run, 
the heater broke at about 1132 K. The sample chamber 
is in a high vacuum (<10~ 4 torr) during measurements, 
which prevents the carbon nanotubes from burning. The 
VSM oscillation frequency is 40 Hz and the oscillation 
amplitude is 1 mm. When the sample is inserted into 
the sample chamber, it first experiences a positive (up- 
ward) field of about 200 Oe and then the same negative 
(downward) field due to the presence of the linear motor 
used to vibrate the sample. The magnetic hysteresis loop 
was measured for the sample holder alone (including the 
heater stick, Zircar cement, and copper foil) at 300 K. 
The saturation moment is 5.4xl0~ 6 emu and the linear 
moment per Oe is — 4.3xl0 -9 emu. Such a saturation 
moment corresponds to about 5.4xl0 -5 mg of magnetic 
impurities if we take a typical saturation magnetization 
of 100 cmu/g. Our sample masses range from 5 mg to 
41 mg, which are 10 5 -10 6 times larger than the mass of 
magnetic impurities in the sample holder. Therefore, the 
magnetic signal from the sample holder is negligible com- 
pared with our sample signal. 

III. RESULTS AND DISCUSSION 

A. Experimental results for a control sample of 
Er2 0;i: Determinations of measurement accuracies 

Because of the high temperature, low field and high 
sensitivity requirements of this work, we worked closely 
with the staff of Quantum Design to define the measure- 
ment accuracies in moment and temperature. Prior to 
this work, Quantum Design's VSM was rated for tem- 
perature up to 1000 K and for moment < 7xl0~ 7 emu. 
After we made extensive magnetic measurements on a 
control sample of Er 2 03 up to 1100 K, we find that the 
temperature is accurate up to at least 1100 K and the 
absolute accuracy in moment can be better than lxl0~ 7 
emu in low fields. We believe that the temperature read- 
ing is also reliable above 1100 K except that there is a 
risk in breaking the heater stick for temperatures higher 
than 1100 K. 

Fig. 1 shows the temperature dependence of the field- 
cooled susceptibility for a 9.4 mg Er203 sample in a field 
of 10 kOc. The cooling rate for this measurement is 10 
K per minute. We can fit the data by the Curie- Weiss 
law 



where C is the Curie constant. The solid line is the 
fitted curve which lies almost perfectly on the top of 
data points. The best fit gives C = (6.327±0.002) x 10~ 2 
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emu/g and 9 = 24.2±0.2 K. We also fit warm-up data by 
Eq. 1. The best fit gives C = (6.304±0.002) x 1(T 2 emu/g 
and 9 = 16.7±0.2 K. The Curie constants deduced from 
the cool-down and warm-up data differ only by 0.36%. 
The 9 values differ by 7.6 K, suggesting that there is a 
small thermal lag of about 3.8 K for the heating/cooling 
rate of 10 K per minute. For the heating/cooling rate 
of 100 K per minute, there is a thermal lag of about 
20 K. For most measurements on the nanotube samples, 
the heating/cooling rate is 50 K per minute and thus the 
thermal lag should be less than 20 K. 
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FIG. 1. The temperature dependence of the field-cooled 
susceptibility for a 9.4 mg Er203 sample in a field of 10 kOe. 
The data shown are thinned for clarity. The solid line is a fit 
to all the data points by the Curie- Weiss law. 

The intrinsic 9 value for the Er 2 03 sample is deter- 
mined to be 20.5 K by taking a simple average of the 
two 9 values. From the Curie constants, we can easily 
calculate the effective magneton number of Er 3+ to be 
9.8, which is about 2% larger than the theoretical pre- 
diction (9.6). This small discrepancy may arise from the 
uncertainty in the sample weight. 

Since the moments of the Er203 sample in 10 kOe 
are in the range between 0.005-0.016 emu, which are far 
above the instrument resolution, the data must be very 
accurate. Therefore, by comparing these accurate data 
with those data taken in the low field range, we can deter- 
mine the absolute accuracy of the moment. In Fig. 2, we 
show the temperature dependencies of the offset moments 
in the fields of 0.06 Oe and 4.21 Oe, respectively. The 
data shown are thinned for clarity. The offset moments 
are obtained by subtracting the above determined Curie- 
Weiss term from the raw data. In the field of 0.06 Oe, the 
Curie- Weiss term is very small (e.g., 1.17xl0 -7 emu at 
300 K), so the offset moments dominate in the whole tem- 
perature region. Since the data are taken with 3 second 
per point averaging, there is significant data scattering. 
We can average the data by using an 8th order polynom- 
ial fit to all the data points (dotted line). The averaged 
curve shows no sizable temperature dependence. Then 



we simply fit the data by a constant line (solid line). The 
best fits to the 0.06 Oe and 4.21 Oe data give m // se t 
= (4.54±0.07)xl0- 7 emu and (5.20±0.05) x 10~ 7 emu, 
respectively. 
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FIG. 2. The temperature dependencies of the offset mo- 
ments in the fields of a) 0.06 Oe and b) 4.21 Oe, respec- 
tively. The data shown are thinned for clarity. The offset 
moments are obtained by subtracting the above determined 
Curie- Weiss term from the raw data. 

Fig. 3 shows the field dependence of the offset moment. 
The offset moments determined from both cool-down and 
warm-up data are included in the figure for comparison. 
It is clear that the offset moments are centered around 
5.0xl0~ 7 emu in this low-field range (0.06-4.21 Oe). The 
maximum deviation from 5.0xl0~ 7 emu is 0.46xl0 -7 
emu. This offset moment has negligible field and tem- 
perature dependencies relative to our signals of interest 
and is caused by the interaction between the VSM drive 
head and the pick-up coils. Therefore, if we correct low- 
field moments by the constant offset moment, the abso- 
lute accuracy of the corrected moments should be better 
than 0.6xl0 -7 emu. In other words, if we use a proper 
averaging for data points and correct for the constant 
offset of 5.0xl0 -7 emu, the absolute accuracy of the cor- 
rected moment can be better than lxl0~ 7 emu. We 
thus correct all the following data by the constant offset 
of 5.0 x 10~ 7 emu. Since the following data were collected 
with 10 second per point averaging, the data scattering 
is significantly reduced. 
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FIG. 3. The field dependence of the offset moment deter- 
mined by fitting both cool-down and warm-up data, the offset 
moments are centered around 5.0xl0 -7 emu. The maximum 
deviation from 5.0xl0~ 7 emu is 0.46xl0~ 7 emu. The con- 
stant offset moment is caused by the interaction between the 
VSM drive head and the pick-up coils. 



B. Superconductivity in AD prepared samples 

The concentration of magnetic contaminants in AD 
prepared samples should be very small since the samples 
were prepared by arc discharge process without metal 
catalysts. Nevertheless, a very small amount of mag- 
netic impurities could have a dominant contribution to 
magnetic properties of a sample if the intrinsic magnetic 
susceptibility of the sample is small. Therefore, it is 
important to accurately determine the concentration of 
magnetic contaminants in the AD prepared samples be- 
fore we can draw any meaningful conclusions from the 
magnetic data. 

Fig. 4a shows the field-cooled susceptibility in 100 Oc 
for a 14.6 mg AD prepared sample. The sample was 
heated up to 1000 K in 100 Oe and cooled down from 1000 
K in the same field. At about 875 K, the susceptibility 
increases sharply, indicating fcrrimagnetic/ferromagnetic 
ordering with a Curie temperature (Tc) of about 875 K. 
From the Curie temperature, we can conclude that this 
AD prepared sample is contaminated with Fea04 mag- 
netic impurities. At 1000 K, we also see that the suscep- 
tibility increases rapidly with time. This could be caused 
by a thermal lag and/or by the reduction of Fes04 to Fe 
which has a Curie temperature of 1043 K. The ferrimag- 
netic component can be estimated by subtracting the ex- 
trapolated line in the figure from the total susceptibility. 
In Fig. 4b we plot the estimated ferrimagnetic component 
of the susceptibility. The temperature dependence of the 
susceptibility appears to be in good agreement with that 
for a typical ferromagnet. At 600 K, the ferrimagnetic 
susceptibility of the Fe 3 4 impurities is about 3.0xl0~ 6 
emu per gram of MWNT sample. 

We can fit the ferrimagnetic component of the suscep- 
tibility near Tc by an equation: 



The best fit gives T c = 876.7 K, p = 23.75, and xfm(0) 
— 2.5xl0~ 6 emu/g. It is clear that the fitted curve is 
significantly underestimated at temperatures well below 
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FIG. 4. a) The field-cooled susceptibility in 100 Oe for a 
14.6 mg AD prepared sample, b) The estimated ferrimagnetic 
component of the susceptibility due to magnetic impurities. 
The data are fitted by Eq. 2 with T c = 876.7 K, p = 23.75, 
and xfm(0) = 2.5xl0~ 6 emu/g. 

We remind ourselves that for materials lightly contam- 
inated with magnetic impurities having large permeabil- 
ities, the low field susceptibility is independent of the 
permeability and depends only on the shape (demagneti- 
zation factor) and concentration of the contaminant. The 
shape effect is averaged out through a random orienta- 
tion so that the average demagnetization factor N should 
be about 1/3 and the low- field susceptibility should be 
l/(4A7r) = 0.24 emu/cm 3 . Since the specific weight of 
Fes04 is 5.3 g/cm 3 , we easily calculate the low-field sus- 
ceptibility of pure Fes04 particles to be 0.045 emu/g. 
The specific weight of Fe is 7.9 g/cm 3 , so the low-field 
susceptibility of pure Fe particles is 0.030 emu/g. This 
implies that the concentration of the Fe30 4 impurities 
in the AD prepared sample is about 3xl0~ 6 /0.045 = 
67 ppm. If the step-like increase of the susceptibility at 
1000 K (1.2xl0~ 6 emu/g) could arise from the reduction 
of Fe3 04 to Fe, the concentration of the reduced Fe3C>4 
would be about 27 ppm. Then the upper limit of the 
total Fe3C>4 impurity concentration is about 94 ppm. If 
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the Fe3C>4 impurities are completely reduced to Fe, the 
upper limit of the Fe impurities is about 66 ppm. 
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FIG. 5. The field dependence of the magnetization at 320 
K for the 14.6 mg AD prepared sample. Between 20 kOe and 
90 kOe, the data can be excellently fitted by a linear relation 
M = M a + XdiaH with Ms = 9.27xl0~ 3 emu/g and Xdia = 
-8.66X10" 6 emu/g. 

The total concentration of ferromagnetic and/or ferri- 
magnetic impurities in the AD prepared sample can also 
be estimated from the field dependence of the magnetiza- 
tion at 320 K, as shown in Fig. 5. Above 20 kOe, the mag- 
netization of any ferromagnetic impurity should be satu- 
rated and independent of the field. Between 20 kOe and 
90 kOe, the data can be excellently fitted by a linear rela- 
tion M = M s + XdiaH with M s = 9.27 x 10~ 3 emu/g and 
Xdia = — 8.66xl0~ 6 emu/g. The field independent dia- 
magnetic susceptibility in the high-field region could be 
consistent with granular superconductivity, as observed 
in the granular superconductor Tl2Ba2Cu06+y with T c 
= 15 K (see Fig. 7 of Ref. [12]). If individual multi- walled 
carbon nanotubes are superconductors, it is natural that 
multi-walled nanotube mat samples are granular super- 
conductors. Given that the saturation magnetization of 
a typical ferromagnet/ferrimagnet is about 100 emu/g, 
the deduced saturation magnetization from the fit corre- 
sponds to about 100 ppm magnetic impurities. 

Fig. 6 shows the temperature dependence of the mag- 
netization in a field of 0.03 Oe for an identical AD pre- 
pared sample, but with a mass of 41 mg. When the 
sample is inserted into the sample chamber with a field 
of 0.03 Oe, it first experiences a positive (upward) field 
of about 200 Oe and then the same negative (downward) 
field due to the presence of the linear motor used to vi- 
brate the sample. Therefore the warm-up magnetization 
is the sum of the negative remanent magnetization and 
the non-remanent magnetization in 0.03 Oe. It is clear 
that the negative magnetization flattens out above 700 K 
and that there is a nearly temperature- independent nega- 
tive magnetization between 700 K and 900 K. Above 900 
K, the magnetization increases sharply, reaches a peak 
at about 1142 K and then drops sharply between 1142 K 
and 1170 K. 
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FIG. 6. a) The temperature dependence of the magnetiza- 
tion in a field of 0.03 Oe for a 41 mg AD prepared MWNT 
mat sample. 

When the sample is cooled from 1170 K, the magneti- 
zation does not go back to the warm-up curve, showing 
a significant hysteresis. At about 1030 K, we see a dip 
in the cool-down magnetization, which could reveal the 
onset of the ferromagnetic ordering of Fe. The Curie tem- 
perature of Fe determined from these FC data is about 10 
K lower than the expected value (1043 K). This is caused 
by a thermal lag of about 10 K for the cooling rate of 50 
K per minute. At 875 K, we do not see an anomaly 
associated with ferrimagnctic ordering of the Fc304 im- 
purities. It is very likely that the Fes04 impurities have 
almost completely been reduced into Fe after the sample 
was heated up to 1170 K at a high vacuum. 

The ferromagnetic component (due to the Fe impuri- 
ties) in the cool-down data can be estimated by subtract- 
ing the extrapolated line in Fig. 6 from the total magne- 
tization. In Fig. 7a we plot the estimated ferromagnetic 
component of the susceptibility. The solid line is the fit- 
ted curve by Eq. 2. The best fit gives T c = 1030.6 K, p = 
14.56, and xfm(0) = 1.46 xl0~ 3 emu/g. In Fig. 7b, we 
show the intrinsic FC susceptibility of the carbon nan- 
otubes after subtracting the fitted curve of Fig. 7a from 
the total susceptibility. We see that the susceptibility 
drops by about 5.0xl0 -3 emu/g when the temperature 
is lowered from 1130 K to 305 K. This implies that the 
magnitude of the diamagnetic component at 305 K is at 
least 5.0xl0~ 3 emu/g, which corresponds to about 14% 
of the full Meissner effect (— l/47r) given that the spe- 
cific weight of multi- walled nanotubes is 2.17 g/cm 3 . It 
is interesting to note that the diamagnetic susceptibil- 
ity at 305 K is about — 1.55 xl0~ 3 emu/g, corresponding 
to about 4% of the full Meissner effect. This large FC 
susceptibility is only consistent with superconductivity. 

This temperature dependence of the intrinsic FC sus- 
ceptibility is similar to that observed in a Nb disk (see 
Fig. 1 of [13]). Such a temperature dependence can arise 
from the interplay between the diamagnetic screening 
currents (diamagnetic Meissner effect) and the paramag- 
netic circulating currents (paramagnetic Meissner effect) 
around the vortices [14]. The diamagnetic component of 
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FIG. 7. a) The estimated FC ferromagnetic susceptibility 
due to Fe impurities in the AD prepared MWNT mat sample, 
b) The intrinsic FC susceptibility of the carbon nanotubes af- 
ter subtracting the fitted curve of Fig. 7a from the total sus- 
ceptibility. The diamagnetic susceptibility at 305 K is about 
— 1.55xl0~ 3 emu/g, corresponding to about 4% of the full 
Meissner effect (— l/47r). 

the susceptibility should be nearly independent of the 
magnetic field H when H is below the lower critical field 
H c i of a bulk sample. This is indeed the case for the 
Nb disk [13]. On the other hand, for a granular super- 
conductor, the intergrain lower critical field tends to zero 
due to a very large intergrain penetration depth. In the 
low field region, the magnitude of the diamagnetic sus- 
ceptibility is found to increase with decreasing field much 
faster than 1/H (see Ref. [12,15,16]) so that the diamag- 
netic component can be significant only in the low field 
range. 

Moshchalkov, Qiu, and Bruyndoncx (MQB) [14] sug- 
gested that the paramagnetic Meissner effect (PME) can 
be caused by the persistence of the giant vortex state 
with the fixed orbital quantum number L > 0. This state 
is formed in any finite-size superconductor at the third 
surface critical field H c s, which is higher than the bulk 
upper critical field H C 2 for smooth and clean surfaces. 
According to this model [14], the PME in small diameter 
superconducting wires is particularly strong because of 
the larger surface to volume ratio. This model can nat- 
urally explain why a Pb nanowire array with an average 
diameter of 40 nm is paramagnetic down to 2 K while 
another Pb nanowire array with a diameter of 60 nm is 



diamagnetic below about 3.8 K in the FC condition [17]. 

From the fitted curve in Fig. 7a, we find that the fer- 
romagnetic susceptibility at low temperatures is about 
1.46xl0 -3 emu/g. If there were no superconductivity 
in the nanotubes, this ferromagnetic susceptibility would 
be too large to be consistent with the above determined 
upper limit of the Fe impurity concentration (66 ppm). 
Without superconductivity in the nanotubes, the pre- 
dicted upper limit of the low-field ferromagnetic suscepti- 
bility would be 0.000066x0.03 emu/g = 2.0 xlO" 6 emu/g, 
which is a factor of about 700 smaller than the deduced 
1.46xl0 -3 emu/g. In order to understand this large en- 
hancement in the low-field ferromagnetic susceptibility 
of the Fe impurities, one must assume that the effective 
fields on the magnetic impurity sites are greatly enhanced 
compared with the applied field, that is, H e ff/H » 1. 
This is possible only if the host material (carbon nan- 
otubes) exhibits superconductivity above the Curie tem- 
perature of magnetic impurities and some fraction of the 
impurities are flux pinning centers. It is known that the 
effective fields on those pinning centers are close to the 
lower critical field H c \. If the lower critical field inside 
grains (bundles) is 100 Oe and 20% of the magnetic im- 
purities are pinning centers, then the ferromagnetic sus- 
ceptibility in the field of 0.03 Oe will increase by a factor 
of 660. 

The PME is mostly seen in FC data [18]. However, 
the PME is also seen in zero-field-cooled (ZFC) data of 
granular superconductors [15,16,19]. The authors of the 
MQB theory [14] have assumed that the system only goes 
to the diamagnetic L = state in the ZFC condition so 
that the PME does not exist in ZFC data. We do not 
think that this assumption is justified. Since all the L > 
states are the solutions of the Ginzburg-Landau equa- 
tions in mesoscopic samples [14], these states should not 
behave very differently. For the L — state, it is well 
known that the FC and ZFC diamagnetic susceptibilities 
are the same for superconducting samples without open 
holes. By analogy, the FC and ZFC paramagnetic sus- 
ceptibilities for samples without open holes should not 
have a substantial difference in the case of the L > 
states. Because Gibbs energies for all the states are quite 
close near T c (Ref. [14]), the thermal energy should be 
large enough to populate high-L states, leading to the 
paramagnetic Meissner effect. Because of the metastable 
nature of these states, the paramagnetic Meissner effect 
will strongly depend on the cooling or heating rate and 
on the field history, particularly if the sample never goes 
to the normal state. Thus the PME naturally explains 
the hysteresis in Fig. 6 noted earlier. 

In Fig. 8a and Fig. 8b we show the ZFC susceptibility 
for the AD prepared sample in 15 Oe and 200 Oe, respec- 
tively. For the 15 Oe ZFC measurement, the sample was 
cooled from 1170 K to 300 K in "zero" field (0.03 Oe) and 
then the 15 Oe field was set at 300 K. For the 200 Oe 
ZFC measurement, the sample was cooled from 1200 K 
to 310 K in "zero" field (0.03 Oe), and then the 200 Oe 
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FIG. 8. The temperature dependencies of the ZFC suscep- 
tibility for the AD prepared MWNT mat sample in magnetic 
fields of a) 15 Oe and b) 200 Oe. The shoulder and dip fea- 
tures are typical of granular superconductors [15,16]. The 
onset of the paramagnetic Meissner effect is at about 1200 K, 
indicating an intragrain superconducting transition tempera- 
ture of about 1200 K. 

field was set at 310 K. As we learn from the data [16] 
of Rui_ x Sr2GdCu2+ x 08-3/, the onset temperature T c j 
of intergrain Josephson coupling approximately corre- 
sponds to cither a dip-like or a shoulder-like feature. For 
the 15 Oe data, there is a shoulder feature near 700 K, 
corresponding to the onset of intergrain Josephson cou- 
pling. A sharp peak is seen at 1105 K. Between 1105 and 
1200 K, the susceptibility drops sharply with tempera- 
ture, indicating the onset of the PME at about 1200 K. 
This implies that the superconducting transition temper- 
ature is slightly higher than 1200 K because the onset of 
the PME is slightly lower than the intragrain supercon- 
ducting transition temperature (T c ) [13,14,18,19]. For 
the 200 Oe data, there is a dip-like feature at about 690 
K, corresponding to the onset of intergrain Josephson 
coupling [16]. Between 1000 and 1200 K, the suscepti- 
bility drops sharply with temperature and even becomes 
negative at 1200 K. 

In Fig. 9, we show the ZFC susceptibility in four dif- 
ferent fields. For the 500 Oe and 1000 Oe ZFC measure- 
ments, the sample was cooled from 1200 K to 310 K in 
"zero" field (about 2 Oe) , and the fields were set at about 
320 K. For the 15 Oe and 200 Oe ZFC measurements, the 
"zero" field is 0.03 Oe. A dip-like feature defines T c j for 



the 200 Oe data while shoulder-like features define T c j 
for the 15 Oe, 500 Oe and 1000 Oe data. 
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FIG. 9. The expanded views of the ZFC susceptibility for 
the AD prepared MWNT mat sample in the magnetic fields 
of a) 15 Oe, b) 200 Oe, c) 500 Oe, and d) 1000 Oe. 
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In Fig. 10a, we plot H versus T c j for the AD pre- 
pared MWNT mat sample. One can see that T c j de- 
pends very strongly on the magnetic field in this low 
field region. Such a field dependence of T c j is a hallmark 
of intergrain Josephson coupling [15,20]. In Fig. 10b, 
we show H versus T c j for the granular superconductor 
Ruo.6Sr 2 GdCu 2 .408- a - T c j is defined as the onset of the 
paramagnetism in the FC magnetization data in Fig. 3 of 
Ref. [16] and as the midpoint of the resistive transition in 
Fig. 6 of Ref. [16]. By comparing Fig. 10a with Fig. 10b, 
we can see that the field dependence of T c j has a simi- 
lar form for both systems, suggesting the same physical 
origin: Intergrain Josephson coupling. The strong field 
dependence of T c j in the low field region also rules out a 
magnetic origin for the transition. 
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FIG. 10. The magnetic field (H) versus the onset temper- 
ature of intergrain coupling (T c j) for a) the AD prepared 
MWNT mat sample and b) the granular superconductor 
Ruo.6Sr 2 GdCu2.40 8 - a (Ru-1212). The solid line in Fig. 10a 
is a fit by an equation H — (A/T c j) exp(— T c j/T ) with T a — 
35.8 K. This equation has been used to fit the H versus T c j 
data of a granular superconductor [15]. 

In Fig. 11a we plot previously published resistance data 
for an AD prepared MWNT mat that comes from the 
same lot as the AD prepared sample here. The data 
are the same as those reported in Ref. [8] except they 
are thinned here for clarity. It is interesting that the 
resistance decreases with increasing temperature below 
about 570 K while above 570 K the resistance tends to 
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FIG. 11. a) The temperature dependence of the resistance 
for an AD prepared MWNT mat that comes from the same 
lot as those studied here. The resistance data are the same as 
those reported in Ref. [8] except they are thinned for clarity. 
A fitted curve is given by the solid line, b) The resistance 
data subtracted by the fitted curve, c) The expanded view 
of the warm-up magnetization (Fig. 6) for the AD prepared 
MWNT sample. The two transitions at about 500 K and 700 
K in these magnetization data also emerge in the resistance 
data (b) for the same sample. 

turn up. The resistance between 300 K and 450 K can 
be excellently described by 17.3exp(-T/618.3) Q. This 
semiconducting-like resistance may come from the inter- 
tube barrier resistance for some extremely weak Joseph- 
son junctions in the percolative network. These Joseph- 
son junctions are too weakly coupled to lead to a zero- 
resistance state. Instead, the ground state is insulat- 
ing in these extremely weakly coupled junctions. On the 
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other hand, from Fig. 9 we see that some other Josephson 
junctions in the mat sample are strongly coupled so that 
the onset temperature of intergrain Josephson coupling 
is around 700 K. This suggests that our mat samples 
consist of both weakly and strongly coupled Josephson 
junctions. 

In order to more clearly see the resistive transition, 
we plot in Fig. lib Ai?, the resistance data subtracted 
by the fitted curve. These Ai? data should represent the 
resistive behavior in some parts of the mat sample, which 
have a rather strong Josephson coupling. In addition to 
the major transition at about 700 K, consistent with the 
T c j value deduced from the magnetic data above, there 
appears to be a second transition at about 500 K. This 
second transition may be related to weaker Josephson 
coupling in some regions of the mat sample resulting in 
this lower T c j. 

In Fig. 11c, we show an expanded view of the warm-up 
magnetization below 750 K for the AD prepared MWNT 
sample. We clearly see that there is a rapid drop in 
the magnetization below about 700 K. In addition to the 
clear anomaly at about 700 K, there is also an anomaly 
at about 500 K in the magnetization data. It is strik- 
ing that both anomalies are also seen in the resistance 
data (Fig. lib). This one-to-one correspondence between 
the transitions in the magnetic and electrical data in the 
same sample provides additional evidence for hot super- 
conductivity in AD prepared multi-walled carbon nan- 
otubes. 



C. Superconductivity in sample CVD1 

Fig. 12a shows the temperature dependence of the 
warm-up magnetization in a field of —0.06 Oe for sam- 
ple CVD1. When the sample is inserted into the sample 
chamber with a field of —0.06 Oc, it first experiences a 
positive field of about 200 Oe and then the same negative 
field due to the presence of the linear motor used to vi- 
brate the sample. Therefore, the warm-up magnetization 
is the sum of the negative remanent magnetization and 
the non-remanent magnetization in —0.06 Oe. It is ap- 
parent that the negative magnetization has a kink feature 
at about 530 K and that the magnetization flattens out 
above 880 K. The small constant magnetization between 
880 and 1000 K (represented by the horizontal line) in 
the warm-up data is the same as that in the cool-down 
data. Thus, the reversible constant magnetization be- 
tween 880 and 1000 K is the nonremanent magnetization, 
which suggests a ferrimagnetic/ferromagnetic ordering at 
about 880 K. From the Curie temperature of 880 K, we 
conclude that this CVD prepared sample also contains 
Fe304 magnetic impurities. 

Assuming this small constant nonremanent magneti- 
zation extends to the temperature region between 300 
and 880 K, we obtain the remanent magnetization by 



subtracting this small constant term from the total mag- 
netization, as shown in Fig. 12b. The remanence above 
530 K can be well fitted by an equation 



M r (T) = M r (0)[l - {T/T c ) q 



(3) 



The solid line is the fitted curve with a fixed parameter 
Tc = 880 K and two fitting parameters: q = 1.5 and 
M r (0) = -0.0024 cmu/g. The value of q = 1.5 is typical 
for multidomain ferromagnetic particles. 
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FIG. 12. a) The temperature dependence of the warm-up 
magnetization in a field of —0.06 Oe for sample CVD1. b) 
The temperature dependence of the remanent magnetization 
for sample CVD1. The solid line represents the ferrimagnetic 
remanence due to the Fes04 magnetic impurities. 

From Fig. 12b, we see that an extra remanence sets 
in below about 533 K. This extra contribution should 
be associated with a second transition which could be 
the onset of intergrain Josephson coupling or a ferromag- 
netic/ferrimagnetic transition. We can make a clear dis- 
tinction between these two interpretations by studying 
the field dependence of this transition. If this transition 
very strongly depends on the magnetic field, it must be 
related to the onset temperature of intergrain Josephson 
coupling. 

Fig. 13a shows the temperature dependencies of the 
FC susceptibility for sample CVD1 with different mag- 
netic fields. One can see that there is a ferromag- 
netic/ferrimagnetic phase transition with the Curie tem- 
perature Tc of about 870 K. This is consistent with the 
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remanence data in Fig. 12b. 
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FIG. 13. a) The temperature dependence of the FC sus- 
ceptibility for sample CVD1 with different magnetic fields, 
b) The temperature dependence of the ferrimagnetic compo- 
nent of the susceptibility in the field of —0.15 Oe. c) The 
ferrimagnetic component of the susceptibility at 600 K versus 
H for sample CVD1. 

In Fig. 13b we plot the temperature dependence of the 
ferrimagnetic component of the susceptibity in the field of 
—0.15 Oe. The ferrimagnetic component is estimated by 
subtracting a small constant paramagnetic term— evident 
between Tc and 1000 K— from the total susceptibility. 
The solid line is a fit by Eq. 2 with the fitting parameters: 
Tq = 867.6 K and p = 11.66. This p value is very close to 
that for the Fe impurities in the AD sample (see Fig. 7a). 
In Fig. 13c, we plot the ferrimagnetic component of the 
susceptibility at 600 K versus H for sample CVD1. It is 



clear that the ferrimagnetic susceptibility decreases with 
increasing H, which follows a power law: xfm oc H~ 23 . 

This unusual field dependence is hard to explain if 
there were no superconductivity in the nanotubes. From 
the measured magnetic hysteresis loop at 300 K, we ob- 
tain the saturation magnetization of 1.4 emu/g. Since the 
saturation magnetization of pure Fe3C>4 particles is 92 
emu/g at room temperature, we estimate that the sam- 
ple has 1.5% Fe3C>4 magnetic impurities, which would 
lead to a low-field susceptibility of 0.015x0.045 emu/g 
= 6.75 xl0~ 4 emu/g. From Fig. 13c, we see that the 
ferrimagnetic susceptibility in 0.06 Oe is 0.0052 emu/g, 
which is about one order of magnitude larger than our 
predicted value (6.75 xl0~ 4 emu/g). On the other hand, 
the estimated ferrimagnetic susceptibility in 100 Oe is 
only 18% larger than the predicted value. If superconduc- 
tivity exists in the nanotubes, some fraction of the mag- 
netic impurities will be the flux pinning centers where 
the effective field is close to H c \. Within this picture, 
the ferrimagnetic susceptibility will be greatly enhanced 
in the field region where H c \ / H > > 1 while the enhance- 
ment vanishes for H > H c \. Then, if 0.6% of magnetic 
impurities are the pinning centers, the ferrimagnetic sus- 
ceptibility in the field of 0.06 Oe will increase by one 
order of magnitude. The percentage of magnetic impu- 
rities being the pinning centers should strongly depend 
on the field and thermal history. Fluxes can be effec- 
tively trapped if the sample is cooled in a field above 
T c . This implies that the percentage is larger when the 
sample is cooled from a higher temperature. It is also 
known that more fluxes will be trapped at higher fields. 
Thus when the field increases the percentage of the im- 
purities being pinning centers increases. However, if this 
percentage increasing rate is lower than the decreasing 
rate of H cl /H, the ferrimagnetic susceptibility will de- 
crease with increasing field. This may explain the field 
dependence of the ferrimagnetic susceptibility in sample 
CVD1 (Fig. 13c). 

In Fig. 14, we show the expanded views of the FC sus- 
ceptibility for sample CVD1 with different fields. In this 
temperature region, the susceptibility of the ferrimag- 
netic impurities increases weakly with decreasing tem- 
perature (a negative slope). There is an additional onset 
of paramagnetism, which is clearly seen in all the figures. 
This local onset of paramagnetism could be consistent 
with ferromagnetic/ferromagnetic ordering or the onset 
of intergrain Josephson coupling [16]. As one can clearly 
see from Fig. 14, the onset temperature depends very 
strongly on the magnetic field. Therefore this transition 
is only consistent with the onset of intergrain Josephson 
coupling. 

We define the crossing temperature of the two straight 
lines in Fig. 14 to be T c j. In Fig. 15, we show H versus 
T c j for sample CVD1. It is striking that T c j depends very 
strongly on the field in the low field region, but becomes 
weakly field dependent in higher fields. This behavior is 
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FIG. 14. The expanded views of the FC susceptibility for 
sample CVD1 in the magnetic fields of a) 2 Oe, b) 10 Oe, c) 
100 Oc, and d) 1000 Oe. 

very similar to that observed in granular superconductors 
[15,16,20]. The strong field dependence of T c j rules out 
a magnetic origin of this transition. Further, there is a 



drop in the susceptibility about 100 K below T cJ . This 
feature is also consistent with that observed in granular 
superconductors [15,16]. 
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FIG. 15. H versus T cJ for sample CVDI. The solid line is 
a fit by an equation H = (A/T cJ ) exp(-T c j/T ) with T D = 
1.75 K. 

Another important signature of granular superconduc- 
tivity is the disappearance of the superconducting rema- 
nence above T c j (see Ref. [15,16]). As shown in Fig. 12b, 
the ferrimagnetic remanence dominates above 533 K in 
this CVD sample, that is, the superconducting rema- 
nence is substantial only below 533 K and nearly dis- 
appears above 533 K. Thus the remanence data provide 
evidence for T c j = 533 K in 0.06 Oe. This is in excellent 
agreement with that determined from the susceptibility 
data (see Fig. 15). 



D. Superconductivity in sample CVD2 

Fig. 16a shows a zoomed view of the warm-up mag- 
netization in a field of 0.08 Oe for sample CVD2. The 
virgin sample is inserted into the sample chamber with a 
field of 0.08 Oe after it first experiences a positive field 
of about 200 Oe and then the same negative field. So 
the warm-up magnetization is the sum of the negative 
remanent magnetization and the non-remanent magne- 
tization in 0.08 Oe. It is remarkable that the negative 
magnetization has a kink feature at about 700 K and 
that the magnetization flattens out above 875 K. The 
constant magnetization between 875 and 1000 K (repre- 
sented by the horizontal line) is the nonremanent mag- 
netization in this temperature region. These data imply 
a ferrimagnetic/ferromagnetic ordering at about 875 K. 
From the Curie temperature, we conclude that this CVD 
prepared sample also contains Fc304 magnetic impuri- 
ties. Since the total impurity concentration in this sam- 
ple is about 0.3%, the concentration of Fe304 magnetic 
impurities should be less than 0.3%. 

Assuming this small constant nonremanent magneti- 
zation extends to the temperature region between 300 
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and 875 K, we obtain the remanent magnetization by 
subtracting this small constant term from the total mag- 
netization, as shown in Fig. 16b. The remanence above 
700 K is fitted by Eq. 3. The solid line is the fitted curve 
with two fixed parameters Tq = 875 K and q = 1.5, and 
one fitting parameter M r (0) = 3.07xl0~ 4 emu/g. The 
fitted solid line represents the ferrimagnetic remanence 
contributed from the Fes04 impurities. The large ex- 
tra contribution below 700 K is associated with a second 
transition which should be the onset of intergrain Joseph- 
son coupling. 



rimagnetic component of the susceptibility in the field 
of 0.08 Oe. This component is obtained by subtracting 
a constant paramagnetic term— evident between 1030 K 
and 1100 K— from the total susceptibility. The solid line 
is the fitted curve by Eq. 2 with a fixed parameter Tq = 
1028 K and two fitting parameters: xfm(0) = 0.00148 
emu/g and p = 2.67. The small p value for sample CVD2 
is consistent with the fact that this sample has two mag- 
netic transitions which, due to the large data scattering, 
could resemble a single broad transition. 
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FIG. 16. a) The temperature dependence of the warm-up 
magnetization in a field of 0.08 Oe for sample CVD2. b) The 
temperature dependence of the remanent magnetization for 
sample CVD2. The solid line represents the ferrimagnetic 
remanence due to the Fe3C>4 magnetic impurities. 

Fig. 17a shows the temperature dependence of the 
field-cooled susceptibility in a field of 0.08 Oe for sam- 
ple CVD2. The data appear to indicate two ferro- 
magnetic/ferrimagnetic transitions at about 864 K and 
1028 K, respectively, although the large data scattering 
may mimic a single transition at about 1000 K. The for- 
mer transition should be related to the ferrimagnetic or- 
dering of the Fe3C>4 impurities while the latter transition 
is associated with the ferromagnetic ordering of the Fe 
impurities. The Fe impurities may be reduced from some 
Fe3C>4 impurities when the sample is heated to 1100 K 
in a high vacuum. 

Fig. 17b shows the temperature dependence of the fer- 
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FIG. 17. a) The temperature dependence of the 
field-cooled susceptibility in a field of 0.08 Oe for sample 
CVD2. b) The temperature dependence of the ferrimagnetic 
component of the susceptibility in the field of 0.08 Oe. The 
solid line is the fitted curve by Eq. 2 with a fixed parameter 
T c = 1028 K and two fitting parameters: Xfm(0) = 0.00148 
emu/g and p — 2.67. 

Comparing Fig. 17b with Fig. 13c, we see that the fer- 
rimagnetic susceptibility at 600 K for sample CVD2 is 
about a factor of 5 smaller than that for sample CVD1. 
This is consistent with the fact that the concentration of 
magnetic impurities in sample CVD1 is larger than that 
for sample CVD2 by a factor of about 5. On the other 
hand, comparing Fig. 16b with Fig. 12b, we find that the 
ferrimagnetic remanence for sample CVD1 (from —200 
Oe to —0.06 Oe) is larger than that for sample CVD2 
(from -200 Oc to 0.08 Oe) by a factor of about 8. This 
discrepancy can be resolved if we consider the fact that 
the ending fields in these two cases are different. From 
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the lower part of the magnetic hysteresis loop of Fe3C>4, 
one can see that the magnitude of the low-field M r de- 
creases linearly with the increase of the ending field. The 
slope of the linear decrease line is approximately equal 
to the low-field susceptibility Xfm(O). This implies that 
when the ending field decreases from 0.08 Oe to —0.06 
Oe, the magnitude of M r will increase by AHxfm(0) = 
0.14xfm(0). Using xfm(0) = 0.00148 cmu/g, we find 
that the magnitude of M r for sample CVD2 is (0.000307 
+ 0.14x0.00143) emu/g = 5.1 xl0~ 4 emu/g if the end- 
ing field is —0.06 Oe. Therefore, for the same ending 
field of —0.06 Oe, the ferrimagnetic remanence for sam- 
ple CVD2 is smaller than that for sample CVD1 by a 
factor of about 5. 
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FIG. 18. a) The temperature dependence of the suscep- 
tibility in a field of 0.03 Oe for sample CVD2. The solid 
line is an averaged curve. The susceptibility at 330 K has a 
large negative value (about — 6.9xl0~ 4 emu/g), correspond- 
ing to about 1.9% of the full Meissner effect, b) The tem- 
perature dependence of the intrinsic susceptibility of the nan- 
otubes. The data are obtained by subtracting the ferrimag- 
netic/ferromagnetic contribution from the total susceptibility. 
The intrinsic diamagnetic susceptibility of the nanotubes is 
about — 2.5xl0~ 3 emu/g at 330 K, corresponding to about 
7% of the full Meissner effect. 

Fig. 18a shows the field cooled susceptibility in a field 
of 0.03 Oe for sample CVD2. The sample was taken out 
of the VSM after the field-cooled measurement in 0.08 Oe 
was done. The sample was then reinserted into the sam- 
ple chamber with a field of 0.03 Oe, heated up to 1100 



K and cooled down in the same field. It is interesting 
that the susceptibility drops by about 2.2xl0~ 3 emu/g 
when the temperature is lowered from 1100 K to 330 
K. This implies that the magnitude of the diamagnetic 
component at 330 K is at least 2.2xl0~ 3 emu/g, corre- 
sponding to about 6% of the full Meissner effect. More 
remarkably, the susceptibility at 330 K has a large neg- 
ative value (about — 6.9xl0~ 4 emu/g), corresponding to 
about 1.9% of the full Meissner effect. From the averaged 
curve of Fig. 18a, we see a dip-like feature at about 700 
K which corresponds to the onset of intergrain Joseph- 
son coupling. Coinciding with this temperature, we have 
clearly shown a large superconducting remanence up to 
700 K for sample CVD2 (see Fig. 16b). 

We can estimate the ferrimagnetic/ferromagnetic con- 
tribution in the field of 0.03 Oe for sample CVD2 using 
the field dependence of the ferrimagnetic susceptibility 
seen in sample CVD1 (see Fig. 13c) and the tempera- 
ture dependence of the ferrimagnetic/ferromagnetic sus- 
ceptibility in 0.08 Oe for sample CVD2. From Fig. 13c, 
we have found that xfm oc H~ 23 . This implies that 
Xfm in 0.03 Oe is larger than that in 0.08 Oe by 
a factor of 1.25. Therefore, in the field of 0.03 Oe, 
X fm{T) = 0.00185[1-(T/1028) 2 67 ] emu/g. Then the in- 
trinsic susceptibility of the carbon nanotubes is obtained 
by subtracting the ferrimagnetic/ferromagnetic contribu- 
tion from the total susceptibility. 

Fig. 18b shows the temperature dependence of the in- 
trinsic susceptibility of the nanotubes in sample CVD2. 
We can clearly see that the temperature dependence of 
the intrinsic susceptibility for this CVD prepared sam- 
ple is similar to that for the AD prepared sample (see 
Fig. 7b). The intrinsic susceptibility for this CVD pre- 
pared sample decreases by 4.2 xlO -3 emu/g when the 
temperature is lowered from 1100 K to 330 K, corre- 
sponding to about 12% of the full Meissner effect. It 
is remarkable that the magnitude of the intrinsic sus- 
ceptibility drop for this CVD sample is almost the same 
as that (4.5xl0 -3 emu/g) for the AD prepared sample. 
This consistency suggests that the observed large suscep- 
tibility drops in these two samples having very different 
masses and magnetic impurity concentrations arc intrin- 
sic to the nanotubes. Moreover, the intrinsic diamagnetic 
susceptibility of the nanotubes is — 2.5xl0~ 3 cmu/g at 
330 K, corresponding to about 7% of the full Meissner 
effect. Such a large FC diamagnetic susceptibility is only 
consistent with superconductivity. 

Next we argue that the large paramagnetic susceptibil- 
ity at 1100 K (1.6xl0~ 3 emu/g) observed in this CVD 
sample cannot arise from magnetic contaminants. Since 
the warm-up susceptibility in 0.03 Oe coincides with the 
cool-down susceptibility in the temperature region be- 
tween 1000 and 1100 K, there should be negligible mag- 
netic impurities having Curie temperatures higher than 
1000 K and cocervities larger than 0.03 Oe. It is highly 
unlikely that the sample contains magnetic impurities 
with Curie temperatures higher than 1100 K and with 
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cocervities smaller than 0.03 Oe. Furthermore, the sus- 
ceptibility at 1100 K is inversely proportional to the field 
in the field region between 0.03-0.08 Oe (see Fig. 17a and 
Fig. 18), which is difficult to explain in terms of magnetic 
contaminations. Nevertheless, our conclusion about the 
existence of hot superconductivity in the nanotubes is in- 
dependent of how one interprets the large paramagnetic 
susceptibility. 



IV. CONCLUDING REMARKS 

We report conclusive evidence for granular room- 
temperature superconductivity in multiwalled carbon 
nanotube mat samples with an intragrain transistion 
temperature slightly higher than 1200 K and intergrain 
transition temperatures of 533-700 K. We show numer- 
ous signatures of room-temperature superconductivity: 
1. a direct diamagnetic Meissner fraction of 1.9% at 
room temperature (this exceeds the orbital diamagnetic 
component by at least two orders of magnitude) 2. an 
inferred diamagnetic fraction of 14% at room tempera- 
ture 3. coincidence of the resistive and magnetic tran- 
sitions 4. existence of superconducting persistent cur- 
rents (superconducting remanence) up to 700 K 5. great 
field sensitivity of the intergrain transition temperature 
and 6. very large enhancement in the low field fcrrimag- 
netic/ferromagnetic susceptibility of magnetic impurities 
up to 1030 K— consistent with superconductivity above 
1030 K in the nanotubes. 

Another important superconductivity signature is the 
zero resistance state. We have clearly shown the exis- 
tence of the superconducting remanence up to 700 K, 
implying that a zero resistance state has been achieved 
below 700 K in some parts of the mat samples, where 
both the on-tube and intergrain-Josephson-junction re- 
sistances approach zero. Further, a negligible or zero on- 
tube resistance has been seen in many unprocessed indi- 
vidual MWNTs at room temperature [21-23]. This very 
small on-tube resistivity has been interpreted as "bal- 
listic transport". Using a realistic electron-phonon cou- 
pling strength in carbon nanotubes, Zhao [10] has shown 
that, for a non-superconducting SWNT with a diameter 
of 15 nm, the on-tube resistance per unit length at room 
temperature is at least 367 f2//im, which is larger than 
the measured values [23] by at least one order of mag- 
nitude. The finite but very small on-tube resistance ob- 
served in individual MWNTs is a natural consequence of 
quantum phase slips in quasi-onc-dimensional supercon- 
ductors. Bundling individual MWNTs greatly suppresses 
quantum phase slips, leading to a nearly zero-resistance 
state in some parts of the mat samples. 

Finally, this work is also supported by a huge cho- 
rus of facts. The single-particle gap and transi- 
tion temperature— determined independently from Ra- 
man data of a SWNT mat sample— yield a ratio of 1.83 
(Rcf. [9]), which is close to the BCS prediction (1.76) 



for weak coupling. The tunneling spectra also evidence 
unique superconducting signatures: The single-particle 
tunneling gap is found to be at least 125 meV in an in- 
dividual MWNT with a diameter of 30 nm (Ref. [10]). 
These facts along with the present magnetic data provide 
compelling evidence for room-temperature superconduc- 
tivity in carbon nanotubes. 
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